INTRODUCTION
It is well known that mussels are important grazers on phytoplankton, and a strong depletion of chlorophyll is often observed above mussel beds (Frechette et al. 1989 , Dolmer 2000a ). In addition, grazing experiments and analysis of stomach contents from field samples have shown that mussels also ingest bacteria (Kreeger & Newell 1996) , protozooplankton (Kreegercomponents of the pelagic food web have not been investigated. Some zooplankters are able to avoid predation by mussels because they can detect and escape from feeding currents (Singarajah 1975 , Green et al. 2003 . The escape success, however, depends on several factors. First, the fluid deformation rate generated by the predator must be detected in time to react and flee . Second, the escape jump speed must exceed the suction flow speed of the mussels, and third, the jump must be away from the mussel bed (Green et al. 2003) . The sensitivity to fluid deformation rate and the jump speed varies among zooplankton species, sizes and copepod stages (Viitasalo et al. 1998 . In general, larger zooplankters are more likely to escape predation than smaller ones ), a fact which can be important in shaping the structure of the zooplankton community in shallow coastal waters. Another important factor is the turbulence level near the mussel bed, as this may affect the escape success of zooplankton. The 'background noise' due to turbulence interferes with the perception of the predator signal and, hence, enhances predation risk . Strong turbulent vertical mixing may also prevent the zooplankton from escaping by transporting them back towards the mussel bed.
In the present study, we specifically examined the hypothesis that during high near-bed turbulence conditions, zooplankton will not be able to avoid predation by mussels. During periods with low turbulence, only zooplankton with poor escape capabilities are ingested, and the surviving zooplankton will compete with mussels for phytoplankton prey. Grazing impact on zooplankton organisms was estimated by a random walk model under different turbulence conditions estimated by a physical water column model.
MATERIALS AND METHODS
Sampling. Sampling took place in the shallow Limfjord, Denmark, with a total area of 1575 km 2 . The Limfjord is connected with the North Sea (32 to 34 psu) at its western entrance and with the Kattegat (19 to 25 psu) at its eastern entrance. Stratification during summer is determined both by salinity advection and solar heating during the daytime combined with surface cooling at night. The tidal amplitude is low (0.1 to 0.2 m) and vertical mixing is mainly wind driven, indirectly through wave motion (Wiles et al. 2006 ). The Limfjord is stratified 45 to 70% of the time during summer and average annual wind velocity is 7.4 m s -1 ; wind mixing energy increases by a factor of 2 from summer to winter (Rasmussen 1997 , Christiansen et al. 2006 . The currents in the Limfjord arise from the main elevation gradient between the North Sea and the Kattegat and are driven by horizontal density gradients, regional wind field and local winds (Herman 2006) .
Two study sites, in the centre of a sand bed and a mussel bed at Løgstør Bredning (56°56' N, 9°09' E), were visited from 26 May to 5 June 2003. Two days, 28 May and 1 June, were selected for further analysis in the present study because they represent the most pronounced differences in zooplankton vertical distributions, with no missing values near the bed (Table 5 in Nielsen & Maar 2007, this volume) and in flow velocities (see 'Results'). Water column depths above the sandy site and the mussel site were approximately 5.5 and 6.0 m, respectively, and the distance between them was 950 m.
Vertical profiles of salinity and temperature were measured by a CTD (GMI AROP2000) immediately before biological sampling aboard RV 'Genetica' II (University of Aarhus). Vertical profiles of flow velocity were measured every 13 min by two 1200 kHz RDI ADCPs up (acoustic doppler current profiler configured to 'look upward' through the water column above the beds). The ADCPs measured water currents in 0.30 m bins and covered the water column from 1.66 m above the sand bed up to the surface and from 0.56 or 0.85 m above the mussel bed up to the surface. To achieve a higher vertical resolution of flow velocities towards the mussel bed, another 1200 kHz RDI ADCP was configured to 'look downward' through the water column and covered 0.21 to 1.76 m above bottom in 0.05 m bins. The 2 ADCPs at the mussel site were situated 40 m apart. It was not possible to determine turbulent parameters with the ADCPs using the variance method due to the low energy levels during the study period (Wiles et al. 2006) . Wind speeds and directions were obtained from the permanent meteorological station located on the island of Livø close to the sampling sites.
Biological sampling for estimation of chlorophyll a (chl a) concentrations and zooplankton abundances was conducted by a vertical high resolution sampler (HRS) taking 8 samples simultaneously from 0.14 to 1.47 m above the bottom at 0.19 m intervals (further details in Nielsen & Maar 2007, this volume) . Total sample volume was 1.5 l at each depth, whereby 0.15, 0.1 and 0.6 l were used for estimation of chl a (3 replicates), abundance of protozooplankton and zooplankton > 45 μm, respectively, and the coefficient of variation of chl a was <13%. Maximum specific growth rates of protozooplankton were calculated from the average volume according to Hansen et al. (1997) assuming a growth yield of 26% (Straile 1997) .
Modelling. An individual-based model was applied to simulate the observed plankton distributions and potential grazing impact of mussels on phytoplankton and zooplankton. The model was formulated to include both the physical and behavioural components of the plankton's motion. Realistic turbulence levels were first simulated by a physical water column model (see next subsection) and depth-dependent turbulent diffusivity was implemented in the individual-based model as a random walk. The domain for the random walk model covered the lower 1.5 m of the water column, roughly corresponding to sampling depth below the pycnocline (see Fig. 1 ). During the stratified period, the renewal of chl a and zooplankton below the pycnocline is dependent on diffusion across the pycnocline, settling, active vertical migration, local production and advection. We assume here (1) that particles removed by mussel filtration are replaced by the above processes, keeping their abundance constant in the model and (2) that the thickness of the concentration boundary layer equals the thickness of the momentum boundary layer. Concentration fields of different plankton are therefore in steady state between turbulent mixing and removal by mussel filtration and can be solved quasi one-dimensionally (O'Riordan et al. 1995) .
Turbulence modelling. To investigate the influence of turbulence on the escape success of zooplankton, turbulence was modelled on 28 May and 1 June, as these dates were assumed to represent relatively high and low near-bed turbulence conditions, respectively, based on the measured flow velocities (see Fig. 2 ). The applied one-dimensional water column model was the General Ocean Turbulence Model (GOTM: www.gotm.net) (Umlauf et al. 2005) . Simulated temperature and salinity profiles were constructed by defining a surface and a bottom layer according to the observed vertical profiles of temperature and salinity (Table 1 , see also Fig. 3 ). The simulated profiles were relaxed to the observed values on a time scale of 1 to 2 h to assure that the simulated profiles did not diverge from observations, which can be influenced by horizontal advection. The model was forced by a constant wind stress and a constant surface pressure gradient. The average (± SD) 10 m wind velocity W was 2.9 ± 0.3 and 2.7 ± 0.2 m s -1 and the wind direction was south-westerly and south-easterly on 28 May and 1 June, respectively, measured from 1 h before until the end of sampling. The wind stress (N m -2 ) model components in the E-W (τ x ) and N-S (τ y ) direction were estimated from:
where the surface drag coefficient C d = 2.5 × 10 -3 and air density σ = 1.25 kg m -3 and deg. is the wind direction in degrees. The surface pressure gradient was adjusted against observed data for each sampling occasion and the simulated flow velocities were relaxed to the observations by a time scale of 0.5 to 4 h. The boundary conditions for the horizontal velocity components are constructed by assuming that the entire near-bed grid box is located inside a logarithmic boundary layer, which results in a quadratic friction law. The presence of a mussel bed is physically expressed by means of an increased bed roughness length (0.001 m for sand and 0.01 m for mussel bed). Bed fluxes for temperature and salinity are set to zero.
The turbulent kinetic energy (k) per unit mass and the dissipation rate of k into heat per unit mass (ε) are computed prognostically from parameterised transport equations, corresponding to the 2 equation k-ε turbu- ) is negative for sinking/downward swimming and positive for upward swimming and was estimated by fitting the simulated profiles against the observed profiles above the sand bed (see 'Results'). Zooplankton swimming behaviour was also described as non-directional random zooplankton swimming i.e. 'biodiffusion' D (m 2 s -1 ) constant over the water column given by (Berg 1983 ) is typical swimming speed and γ (s) is the average time between changes in random swimming directions (tumbles). We here use the 3D biodiffusion estimate because the used swimming speed is in 3D and not just its speed in the vertical direction. This gives us an estimate of the biodiffusivity, which we then use in our 1D model to calculate random vertical motion
The flow field associated with mussel filtration is composed of a narrow, intense exhalent flow and a broad, gentler inhalant flow. The exhalent flow can be modelled as a steady jet generated by a pump (Batchelor 2000, p 205), a model that conforms reasonably well to observations (Green et al. 2003) . The exhalent flow velocity (v ex ) at a distance z above the mussels can thereby be estimated as (5) where Q is the volume flux of the mussel filtration, and r ex is the radial dimension of the exhalent mouth. This model captures the essential features of the flow; that it is inversely proportional to distance from the exhalent mouth (Batchelor 2000) , and that the flow remains finite and consistent with the volume flux at the exhalent mouth. Conversely, the inhalant flow is more akin to a siphon flow bounded by a horizontal plane. As such, the velocity associated with the inflow can be modelled as: (6) where r in is the radial dimension of the inhalant mouth. Again, the essential features of this formulation are that the flow speed is such that the volume flux remains constant for any sized hemisphere centred on the inhalant mouth, and that the flow speed remains finite at the inhalant mouth (z = 0 m). Maximum clearance was Q = 1.0 l h -1 individual -1 (Kiørboe & Møhlenberg 1981 ) assuming 100% capture efficiency with linear temperature correction (Riisgaard & Seerup 2003) for mussels with a median shell length of 2.3 cm at the study site. Maximum exhalent siphon area was 6.5 × 10 -5 m 2 for an 8.1 cm Mytilus edulis (Newell et al. 2001) . The r ex = 0.12 cm was found by scaling this siphon area to the present shell length using an exponent of 2 assuming that siphon area is proportional to clearance rate; r in = 0.24 cm was found by assuming that the ratio of inhalent to exhalent radius was a factor of 2 (O' Riordan et al. 1995) . As a result, the filtration velocity is 8 times higher for the exhalent than for the inhalant flow. Since the net flux is zero, this ratio (i.e. 1:8) is proportional to the relative surface area projected on a horizontal plane and gives the probability of encountering the exhalent versus inhalent flow. Organisms that encounter the exhalent jet are not immediately destined for consumption by the mussels. Of more immediate concern is the escape reaction induced by the inflow. Given the inhalent flow field, the deformation rate θ m (s -1 ) generated by filtration at distance z above the mussel can be estimated as (7) In addition to sinking, biodiffusion and directional swimming, plankton move randomly in space and time due to turbulence expressed by the turbulent diffusivity K. The random walk model simulating the vertical distribution of particles was corrected for varying turbulent diffusivity with depth to prevent the non-physical accumulation of passive particles in low turbulence areas of the water column (Visser 1997) . The change in the vertical position from z n to z n+1 over a finite time step δt (=10 s) of each of the particles in the water column was estimated by
The second term is the mussel filtration velocity v m assigned to be exhalent (v ex , Eq. 5) or inhalant (v in , Eq. 6) by the ratio 1:8. The second term also contains the non-random directed sinking/swimming velocity w. The third term is a non-random advection from areas of low diffusivity to areas of high diffusivity, where K' denotes the gradient in diffusivity at depth z n (Visser 1997) . The fourth term is the turbulent diffusivity K and biodiffusivity D (Eq. 4), both multiplied by a random function R 1 that generates a uniform distribution between -1 and 1 and a constant r = 1/3 (Visser 1997) . Note that K is computed at position offset z off , set off by half the diffusivity gradient correction length (Visser 1997) :
The random walk model simulated the profiles and grazing impact on chl a, protozooplankton, Centropages hamatus copepodites and nauplii, and bivalve larvae with different motility and escape responses. At the critical detection depth z cr , the zooplankton performed an escape jump with maximum jump velocity w max (cm s -1 ) in the direction upwards and away from the inhalent flow, which also has been observed in siphon flow experiments . However, w max was multiplied by the random function R 0 generating a uniform distribution between 0 and 1 because not all individuals may be able to jump by w max . We assume that all particles crossing the lower boundary are captured by mussels with 100% efficiency and are counted before they are transferred back to the water column at random depth. Above the sand bed, the lower boundary is reflective, with particles mirrored back onto the bottom. Particles crossing the upper boundary at both sites are transferred back to a random depth in the water column, but without being counted. The upper boundary is not reflective because there is a loss of particles moving higher up in the water column out of the model layer of 1.5 m. The random walk model was developed and run in Matlab (Version 6.0.0.88).
Particles were initially homogenously distributed throughout the water column and 300 particles of each type were used to simulate different groups of plankton. The simulated vertical profiles were in quasisteady state after approximately 0.5 h (180 time steps) and simulation time was set to 1 d to achieve sufficiently high captures for statistical analysis. The average (3 replicates) simulated grazing impact G (d ) and water column depth, H (H = 1.5 m) and multiplied by the average coverage (cov) of 27% of blue mussels on the sea bed (Herman 2006) : (10) Vertical profiles were plotted for every 0.08 m over the 1.5 m water column above the bottom and rescaled to the observed values at a depth of 1.28 m, where a peak was observed on 1 June. The coefficient of variation (SD/mean) of 3 replicates was typically <10%. Seasonal contributions of the different plankton organisms to mussel diet were calculated from the monthly plankton biomass composition in the Limfjord (Limfjordsovervågningen 2002) multiplied by the respective simulated grazing impacts by mussels on 28 May and 1 June assumed to represent maximum and minimum values, respectively. Bacteria attached to particles were also assumed to be consumed by mussels on 28 May with an efficiency of 30% (Møhlenberg & Riisgaard 1978) .
RESULTS

Physiochemical properties
The water column was stratified during the study period except on 31 May and 3 June, when it was mixed due to increased wind speed and wave motion (Fig. 1) . In the near-bed mussel layer (<1.76 m), the measured mean flow velocities were below 0.07 m s -1 (Fig. 2 ) and the general direction was N to NW from the sand bed towards the mussel bed. On 28 May, flow velocity and near-bed shear were substantially higher than on the other days, leading to fairly mixed nearbed conditions. This suggests that turbulence in the near-bed region was strongest on 28 May. When the water column was stratified, the flow frequently exhibited a 2-layer structure with opposing flows in surface and near-bed layers (Wiles et al. 2006) shaping the vertical mean flow velocity profiles (Fig. 3) . The physical water column model GOTM succeeded reasonably well in reproducing the observed vertical profiles of salinity, temperature and the mean flow velocity above the mussel bed on 28 May and 1 June (Fig. 3) .
The simulated turbulent dissipation rate (ε) was highest at the surface and bottom and decreased within the stratified layer (Fig. 4a) ) near the mussel bed. K decreased within the stratified layer and towards the surface and bottom due to a reduction in mixing length scales (Fig. 4b) . Maximum K below the pycnocline was 2.4 and 0.9 × 10 -4 m 2 s -1 on 28 May and 1 June, respectively (Fig. 5) . Different combinations of parabolic and linear functions were fitted against the GOTM-simulated K in the lower 1.5 m of the water column and used to compute K in the random walk model.
Chlorophyll a
The observed profiles of chl a showed increasing concentrations towards the sand bed due to settling, while there was a statistically significant depletion above the mussel bed on both 28 May and 1 June, tested by ANCOVA with ln(z) as the covariate (F 12,1 , p < 0.05) (Fig. 6) . The average (± SD) chl a concentrations were 4.6 ± 1.4 and 4.4 ± 0.6 mg m -3 above the sand bed and 1.8 ± 0.3 and 2.5 ± 0.4 mg m -3 above the mussel bed on 28 May and 1 June, respectively. The phytoplankton community was dominated by diatoms and primary production rates (> 2 μm) 1 m above the mussel bed were 15 and 18 mg C m -3 d -1 on 28 May and 1 June, respectively (Herman 2006) . Using a C:chl a of 40, this gives a specific growth rate of 0.20 d -1 in the lower 1 m (Table 2) . Chl a sinking velocities were 0.4 and 0.1 m d -1 on 28 May and 1 June, respectively, obtained by fitting the simulated profiles against the observed profiles of chl a above the sand bed (Fig. 6) . Chl a profiles above the mussel bed were simulated both with and without mussel filtration (control) using the same w sink as for the sand bed. This shows that the observed profiles were also influenced by mussel filtration, not only by the different hydrodynamics. Simulated grazing impact on chl a by mussels increased slightly with increasing sinking velocity and was 1 order of magnitude higher on 28 May (due to an increased downmixing of phytoplankton) than on 1 June (Fig. 7) . Using the fitted w sink , the average (± SD) grazing impact on the phytoplankton community was 8.8 ± 0.4 and 0.39 ± 0.1 d -1 on 28 May and 1 June, respectively, ( Table 2) .
Zooplankton composition
The dominant zooplankton groups in the Limfjord were athecate and thecate dinoflagellates (10 to 40 μm in length), oligotrich ciliates and Myrionectra rubrum (10 to 40 μm), nauplii (100 to 300 μm) and copepodites (300 to 800 μm) of Centropages hamatus, polychaete trochophores (100 to 200 μm) and bivalve larvae (100 to 250 μm). There was a statistically significant difference in depth distributions (depth on ln-scale) of protozooplankton (dinoflagellates and ciliates) between the sand bed and the mussel bed on 28 May (ANCOVA, F 1,28 = 9.091, p < 0.05) and 1 June (ANCOVA, F 1,28 = 4.837, p < 0.05) indicating that mussels grazed them on both days (Fig. 8) . Calculated maximum specific growth rates of protozooplankton varied from 0.37 to 0.82 d -1 (Table 2) . Vertical distributions of nauplii, copepodites and bivalve larvae were statistically significantly different between the sand bed and the mussel bed on 28 May (ANCOVAs, F 1,12 = 5.169 -25.946, p < 0.05), but not on 1 June (ANCOVAs, F 1,12 = 0.405 -2.544, p > 0.05). Specific average (± SD) growth rates estimated from egg production were 0.31 ± 0.10 and 0.21 ± 0.07 d -1 on 28 May and 1 June, respectively (Table 2 and T. G. Nielsen unpubl. data). For modelling, 5 types of plankton were considered: 2 groups of protozooplankton (dinoflagellates and ciliates), nauplii, copepodites and bivalve larvae. This classification was made as each group has quite dis- Distance above bottom (m) Fig. 1 . Density (kg m -3 ) above (a) sand bed and (b) mussel Mytilus edulis bed during study period tinct motility patterns, swimming abilities and escape behaviours. Polychaete trochophores were not considered, due to insufficient knowledge of their motility and escape behaviour.
Critical detection depth
Mussel filtration velocity increases nearer the mussel and the risk of being captured increases with lower zooplankton sensitivity and, hence, lower critical detection depth. For detection, the signal (mussel filtration, Eq. 7) must exceed the background noise (shear, Eq. 3). Hence, the zooplankton had the possibility to detect the mussels at < 4 and 18 × 10 10 -12 10 -11 10 -10 10 -9 10 -8 10 -7 10 -6 Fig. 4 . Simulated (a) turbulent dissipation rate ε on log scale, and (b) diffusivity K above mussel Mytilus edulis bed on 28 May and 1 June above the mussels at a deformation rate θ m of 4.6 and 1.4 s -1 on 28 May and 1 June, respectively (Fig. 9) .
To show the effect of the critical detection depth z cr on escape success, the grazing impact was simulated for copepod nauplii with a biodiffusion D of 0.013 cm 2 s -1 (Tiselius & Jonsson 1990 ) in calm water (ε = 0) and in high and low turbulence conditions on 28 May and 1 June, respectively (Fig. 10) . The grazing impact decreases considerably with increasing z cr in calm water, while this effect diminishes with increasing turbulence due to the higher mixing of particles nearer the mussels. The grazing impact was several orders of magnitude higher under turbulent conditions compared to calm water at the same critical detection depth (Fig. 10) . Hence, escape responses are only efficient under very low turbulence intensities. Mussel size distribution affects filtration rate and deformation rate and potentially the grazing impact. This was tested for copepod nauplii ingested by mussels with shell lengths of 0.2 (min.) and 5.8 cm (max.) by allometric changes of volume flux Q and r in in Eqs. (5), (6) and (7) and z cr in the model. The siphon opening of the smallest mussels was accordingly 0.03 × 0.06 cm, corresponding to the size of larger zooplankton. There were no significant differences in grazing impacts between mussels with minimum, maximum and median shell lengths (ANOVA, F 2,12,14 = 1.041, p > 0.05). Thus, the positive effect of increasing Q on grazing impact was counteracted by a higher z cr that allowed nauplii to escape to a greater distance from the mussel beds.
Vertical profiles and grazing impact on zooplankton
Protozooplankton
Vertical profiles above the beds and grazing impact on dinoflagellates and ciliates were simulated by assuming u = 0.033 cm s -1 and γ = 11 s (Broglio et al. 2001) corresponding to a D of 0.004 cm 2 s -1 according to Eq. (4). However, dinoflagellates and ciliates were correlated to the chl a concentrations above the sand bed on 28 May and w down = 1.2 × 10 -3 cm s -1 (=1 m d observed profiles (Fig. 8) . It was not necessary to add a directed swimming velocity on 1 June to obtain the observed profiles. w max was fitted to 0.4 and 0.6 cm s -1 for dinoflagellates and ciliates, respectively, by fitting the simulated profiles against the observed profiles in Fig. 8 . The grazing impact (Eq. 10) decreased with increasing escape jump velocity (Fig. 11a) , and w = 0 cm s Table 2 ). The grazing impact increased by only 3% (± 0.1 SD) when adding w down = 1.2 × 10 -3 cm s -1 to the simulations on 28 May (pairwise t-test, df = 6, p < 0.05). In calm water, the grazing impact was further reduced to < 0.04 d -1 at z cr = 0.11 cm (θ m = 2 s -1 ).
Nauplii and copepodites of Centropages hamatus
The vertical profiles above the beds and grazing impact by mussels were simulated by using u = 0.1 cm s -1 and γ = 4 s on both days (Tiselius & Jonsson 1990) corresponding to D = 0.013 cm 2 s -1 (Eq. 4). On 28 May, nauplii and copepodites were probably attracted to the chl a maximum near the sand bed and the fitted w down = 6.0 × 10 -4 cm s -1 (=0.5 m d -1
). On 1 June, nauplii and copepodites were swimming upwards above the sand bed and the fitted w up = 1.8 × 10 -3 cm s -1 (= 1.5 m d -1
). Above the mussel bed, simulated vertical profiles were fitted against observed profiles by using the same D and w as for the sand bed and the fitted w max = 1.5 to 2 and 5 cm s -1 for nauplii and copepodites, respectively. The grazing impact on copepods and nauplii decreased with faster escape jumps on both days (Fig. 11b) . On 28 May, at w max and w = 0 cm s -1 , the grazing impact was 5.6 d -1 for nauplii and 1.9 d -1 for copepodites (Table 2) ) and w up = 1.8 × 10 -3 cm s -1 decreased the grazing impact by a further 39% on 1 June for w max of 0 to 5 cm s -1 (paired t-test, df = 5, p < 0.05).
Bivalve larvae
Bivalve larvae swim upwards in helices with high directionality (Jonsson et al. 1991 ), due to negative geotaxis (Bayne 1964) , interrupted by occasional sinking (Jonsson et al. 1991 ) on 28 May and 1 June, respectively, above the sand bed. There are no indications of escape responses for bivalve larvae (André et al. 1993) . Using the fitted w from the sand bed, the average (± SD) simulated grazing impact was 8.2 ± 0.6 and 0.16 ± 0.01 d -1 on 28 May and 1 June, respectively (Table 2) .
Seasonal perspective
To evaluate the importance of heterotrophic organism to the consumption of mussels on a seasonal scale, the model simulations were combined with plankton data from the local monitoring programme (Limfjordsovervågningen 2002) . Phytoplankton dominates the plankton biomass in early spring, whereafter the pelagic food web becomes more heterotrophic during summer and autumn in the Limfjord (Fig. 12a) . The range in mussel consumption was evaluated by considering the 2 days modelled. For the low near-bed turbulence scenario (1 June), the average (± SD) heterotro- . Coefficients of variation (SD/mean) were less than 5% ) on phytoplankton and zooplankton phic contribution to mussel consumption was 17 ± 3% during summer and autumn, while it was considerably lower during the spring bloom (Fig. 12c) . For the high near-bed turbulence scenario (28 May), the higher grazing impact on bacteria, copepods and other zooplankton gave a heterotrophic contribution of 34 ± 5% to mussel consumption during summer and autumn (Fig. 12b) . 
DISCUSSION
Turbulent mixing
Since external flushing and advection are limited in the Limfjord (Wiles et al. 2006) , mussels cannot concentrate on relatively small, high-density beds as in tidal areas. Instead, they are spread over the system at relatively low local biomass but with a high standing stock on the system scale (Herman 2006) . The biomass is limited by vertical turbulent mixing that is responsible for the observed large variation in water column structure and in the transport of food to benthic mussels (Dolmer 2000a , Wiles et al. 2006 . During the study period, turbulence levels were generally below the noise level of the accustic Doppler current profiler (ADCP) measurement system (Wiles et al. 2006) . Turbulence was also measured by a Nortec 'Vector' acoustic Doppler velocimeter (ADV) employed 0.03 or 1.90 m above the beds under different weather conditions, confirming that maximum Reynolds stress ~0.002 Pa (Wiles et al. 2006 ) was much lower than in (for example) shallow tidal areas (~1 Pa) (Tweddle et al. 2005) . Hence, the 2 levels of turbulence applied in the present study (Fig. 4) must be considered to be in the lower end of the turbulence spectrum in shallow waters, but typical for microtidal and regularly stratified areas such as most Danish estuaries (Rasmussen & Josefson 2002 ).
Benthic mussels themselves can also influence the benthic boundary layer structure (van Duren et al. 2006) . Mussels increase the roughness length of the bed with their shells and elevated siphons, thereby increasing turbulent transport (Butman et al. 1994 , O'Riordan et al. 1995 . The dynamics of exhalent jets are more complicated to resolve since they can either increase mixing (biomixing) in the logarithmic boundary layer (O'Riordan et al. 1995 , Larsen & Riisgaard 1997 or increase refiltration, depending on bivalve density, siphon height, filtration velocity and friction velocity (O'Riordan et al. 1995 , Jonsson et al. 2005 . A recent study showed that the exhalent jets above a 2 m-long, dense bed of Mytilus edulis increased friction velocity by 56% at low flow speeds of ~0.04 m s -1 and hence increased turbulent mixing (Lassen et al. 2006) . Increased turbulent mixing above the mussel bed due to roughness and biomixing was included in the applied physical water column model by increasing the roughness length by a factor of 10 in comparison with the sand bed.
Grazing impact on zooplankton
Previous laboratory studies or analyses of stomach contents have shown that mussels graze on different zooplankton organisms (Lehane & Davenport 2002 , Green et al. 2003 . The present study is the first attempt to model in situ grazing effects on the zooplankton community based on field observations of their vertical distributions. However, these profiles are not similar between days due to variation in water column stratification, turbulent mixing, advection, local plankton production and mussel population filtration rates (Møhlenberg 1995 , Dolmer 2000b . Vertical profiles of phytoplankton and different zooplank- ) on nauplii with biological diffusion D = 0.4 × 10 -2 cm 2 s -1 and maximum escape velocitiy w max of 2 cm s -1 as a function of increasing critical detection depth for K on 28 May (high turbulence), 1 June (low turbulence), and in calm water (K = 0). Coefficients of variation were less than 2% on 28 May, 15% on 1 June and 40% in calm water ton organisms may differ from day to day since phytoplankton and zooplankton have different motility patterns and strengths. Additionally, some zooplankton can reduce the grazing impact by making escape jumps away from the predator (Broglio et al. 2001 , Jakobsen 2002 . Simulated grazing impacts on protozooplankton were similar to those on chl a on both days (Table 2) indicating that protozooplankton are not successful in escaping mussel predation except during calm water conditions (Fig. 11) . This is in agreement with a previous laboratory study (Kreeger & Newell 1996) and the present field observations, where there were statistically significant different distributions of protozooplankton above the sand bed and mussel bed on both days. Calculated maximum specific growth rates and simulated grazing rates were in the same order of magnitude on 1 June (Table 2) , and this may explain why the decrease in abundance was less pronounced then than on 28 May (Fig. 8a,b,e,f) . The applied maximum escape velocities were within the range of previously reported values of up to 1.2 cm s -1 for ciliates and 0.7 cm s -1 for dinoflagellates (Table 3 ). For nauplii of Centropages hamatus, the model-fitted w max corresponded to the escape jump velocities of 2 cm s -1 observed for C. typicus nauplii of similar size . Copepodites of C. hamatus were fitted to jump at a w max of 5 cm s -1 that was within the observed range for different copepod species (Table 3 ). For C. hamatus nauplii and copepodites, increasing escape jumps reduced the simulated grazing impact considerably on both days (Fig. 11b) . However, there was still considerable grazing impact on 28 May under the high turbulence conditions, causing decreasing abundance towards the mussel bed (Fig. 8c,g ). In contrast, the simulated grazing impact on 1 June was negligible (< 0.02 d -1 ) in agreement with observations (Fig. 8d,h) . The escape success of copepod nauplii exposed to mussels in grazing experiments in calm water was up to 83% and depended on copepod species and the flow field generated by mussel filtration (Green et al. 2003) . Thus, nauplii and copepodites are able to perform successful escape jumps and overcome mussel filtration under conditions of low turbulent mixing. Bivalves have been observed to feed on their own larvae (Lehane & Davenport 2002) , which do not seem to exhibit escape reactions (André et al. 1993) . In contrast, meroplankton such as zoea larvae of Portunus spp. and metatrocophore larvae of Polydora ciliata showed clear escape reactions by turning and swimming away from the zone of suction (Singarajah 1975) . Upward swimming by bivalve larvae due to negative geotaxis will, nevertheless, decrease their encounter with mussels, compared with purely diffusive behaviour. The modelfitted, upward swimming velocity resulted (together with a higher turbulence level) in a much higher grazing impact by mussels on 28 May than on 1 June. High turbulent shear > 2 s -1 has been shown to prevent bivalve larvae of Cerastoderma edule from leaving the near-bottom region (< 5 × 10 -4 m) due to interference with their swimming behaviour (Jonsson et al. 1991) . This critical threshold corresponds to the shear above the mussel bed on 28 May (< 0.007 m, Fig. 9 ) in the present study; the shear never became that high on 1 June. Additionally, it has been observed that mussel larvae tumbled along the bottom in a high flow regime (Pernet et al. 2003) . The confinement to the near-bottom drift will increase the risk of predation, and adult benthic suspension feeders can reduce the settlement of bivalve larvae by up to 20-40% (André & Rosenberg 1991) . The confinement to the bottom layer in shallow turbulent waters can be beneficial for settling because the larvae can search for favourable habitats, provided that the density of adult benthic suspension feeders is low (André & Rosenberg 1991) .
Mussel bed consumption
The applied settling velocities of chl a were similar to those measured for organic particular matter during the study period (0.4 m d -1 ) (Herman 2006) . Clearance rates of blue mussels have previously been estimated in the area from the density of mussels with open valves, gap size and pumping rates at different flow velocities when the water column was fully mixed (Dolmer 2000b ). Dolmer (2006) found that during low flow velocities of ~0.02 m s -1 at 1 m depth, up to 69% of the mussels had closed valves and filtration rate was 27 to 45% of their population clearance capacity of 23 m . During higher flow speeds of ~0.06 m s -1 , fewer mussels had closed valves and the actual clearance rates were close to maximum. In the present study, clearance rates were 13.4 and 0.6 m 3 m -2 d -1 on 28 May and 1 June, respectively, estimated from the grazing rate multiplied by water column depth H = 1.5 m. This corresponds to 14 and 1%, respectively, of their clearance capacity of 94 m 3 m -2 d -1 (Nielsen & Maar 2007, this volume) . These low ratios were probably due to low turbulent mixing under the present stratified conditions and the higher population clearance capacity compared to the study by Dolmer (2000b) . During full mixing, the mussels will have access to the whole water column (H = 6 m) and turbulence will increase, bringing new food into their vicinity. Episodic wind or wave-generated mixing of the water column occurs on the scale of days during summer (Wiles et al. 2006) and is thus crucial for mussel survival. In situ clearance rates of zebra mussels were also found to be 40% lower than those in the laboratory, due to reduced vertical mixing during stratification in Lake Erie (Ackerman et al. 2001) .
In the Limfjord, the commercially exploited wild population of blue mussels covers 46% of the total area (Kristensen & Hoffmann 2004) . Hence, mussels are important in this area both economically and ecologically. In the present study, we also addressed zooplankton as a potential food source for mussel populations. The heterotrophic contribution to total consumption by mussels was estimated for an average seasonal cycle of the pelagic food web at Løgstør Bredning in the Limfjord (Fig. 12) . During the spring bloom, consumption was dominated by phytoplankton (> 88%). However, in summer and autumn, heterotrophic prey was more prominent and contributed 34 and 17% of mussel consumption during high and low turbulent conditions, respectively. Although the assimilation efficiency of heterotrophs is lower than for phytoplankton (Kreeger & Newell 1996 , Wong & Twining 2003 Viitasalo et al. (1998) , are an important component of the natural diet of mussels, especially during periods with limited phytoplankton biomass, and should be taken into account in future investigations of mussel nutrition.
Zooplankton community structure Nielsen & Maar (2007, this volume) reported a significant difference in biomass and composition of the pelagic food web above a mussel bed and a bare sandy bottom. The present modelling corroborated the observations by documenting that high near-bed turbulence reduced the escape success even of large zooplankton and, hence, considerably increased the grazing impact by blue mussels relative to calm water situations (Fig. 11) . At low turbulence, larger zooplankton escaped capture, and the grazing impact was not sufficient to reduce their abundance significantly. In conclusion, large zooplankton have the ability to grow and reproduce during periods of low turbulence without a strong benthic top-down control, which can be crucial to their overall growth and survival in shallow waters with dense mussel populations. This gives rise to a diverse zooplankton community that can compete with mussels for phytoplankton. During relatively high turbulence conditions, copepod abundance can be greatly reduced by mussels and thereby affect higher trophic levels such as fishes. Thus, we suggest that an on-off effect of mussel filtration on zooplankton, depending on the near-bed turbulence levels, controls the zooplankton community. Total mixing of the water column will increase the vertical transport of chl a and zooplankton towards the mussels and the grazing impact by mussels can thereby affect the whole pelagic food web.
